Five strains of Gram-positive-staining, catalase-negative, coccus-shaped, chain-forming organisms isolated separately from the respiratory tracts of five Marmota himalayana animals in the Qinghai-Tibet Plateau of China were subjected to phenotypic and molecular taxonomic analyses. With more phenotypic and molecular identification methods available in the past few years, the genus Streptococcus has significantly expanded with the addition of many newly discovered species, especially from wildlife origins [1] [2] [3] [4] [5] . In this article, we report on the phenotypic and phylogenetic characterization of five strains of unusual Streptococcus-like organisms isolated from the respiratory tract tissues of Marmota himalayana. On the basis of the data presented, a novel species of the genus Streptococcus is proposed.
With more phenotypic and molecular identification methods available in the past few years, the genus Streptococcus has significantly expanded with the addition of many newly discovered species, especially from wildlife origins [1] [2] [3] [4] [5] . In this article, we report on the phenotypic and phylogenetic characterization of five strains of unusual Streptococcus-like organisms isolated from the respiratory tract tissues of Marmota himalayana. On the basis of the data presented, a novel species of the genus Streptococcus is proposed.
With its unique geography (an altitude of about 3600 m, latitude of 33 21¢, longitude of 96 62¢) and varied environmental conditions (elevation, temperature, moisture, vegetation), the Qinghai-Tibet plateau is one of the plagueendemic foci in China that is of strategic importance for and under constant surveillance by the National plague program. Marmota himalayana is the primary host of plague in the Yashu Prefecture. In an effort to monitor plague status in wild animals since the earthquake in 2010 [6] , seemingly healthy marmots have been captured alive periodically and tested for Yersinia pestis. Aside from Yersinia pestis, four other novel bacterial species with pathogenicity potential have been isolated from the leftover tissues of these marmots [2, 3, 7, 8] . Here we report on the isolation and characterization of a new streptococcal species from the marmot respiratory tract.
The respiratory tract tissues were collected aseptically and treated as described previously [7, 8] . Briefly, the trachea was cut open, the inside wall was scraped using sterile scissors, and 30 mg of the mucosal tissue was mixed with and fully ground in 1 ml brain heart infusion (BHI) broth supplemented with 20 % FBS (Gibco). Approximately 100 µl of the sample mixture was spread onto Columbia agar supplemented with 5 % defibrinated sheep blood (bioM erieux) and incubated for 48 h at 37 C aerobically with 5 % CO 2 . After 24 h of culturing, a single, circular, unpigmented, ahaemolytic colony of 0.5-1.0 mm in diameter appeared on one of the 10 respiratory tract sample plates. The colony was re-streaked, and pure single colonies were collected and stocked as HTS2
T in a À70 C freezer. Another four strains (HTS10, HTS14, HTS23 and HTS29) were obtained and stocked through similar efforts. These five isolates were subjected to a series of analyses examining their biological characteristics, biochemical profiles and phylogenetic position(s) as described below.
Strains cultured aerobically at 37 C for 24-48 h were examined for their haemolytic activity on Columbia blood agar plates as described [9] , and the morphological features of cells from the 24-hour culture were further observed under light and scanning electron microscopes according to operating procedure. Cells were positive by classical Gram staining [10] and non-motile by the motility assay on soft agar plates [11] . Ten bacterial cells were inoculated into BHI broth at pH 7.5 [9] , and their growth under different temperature conditions between 4 and 45 C was examined at several time points. The ability of the isolates to tolerate salt was tested in the presence of NaCl of various concentrations (2.5, 3.5, 4.5 and 6.5 % NaCl) as recommended by Facklam and Elliot [9] . The strains grew optimally using 5 % CO 2 , were facultatively anaerobic, and could grow at 22, 30, 35, 37, 42 and 45 C but not at 4 or 15 C, and in the presence of up to 2.5 % NaCl.
The 16S rRNA gene of each isolate was sequenced and compared as previously described [12] . Briefly, genomic DNA extracted with the Wizard Genomic DNA Purification kit (Promega) according to manufacturer's instructions was used for gene amplification and cloning of the 16S rRNA gene as described by Delgado et al. and Jin et al. [13, 14] using the universal eubacterial primers 27F/1492R (5¢-agagtttgatcmtggctcag-3¢ and 5¢-ggytaccttgttacgactt-3¢). Raw sequence data were processed using DNASTAR (version 7.0). The almost complete 16S rRNA gene sequences of these five strains of cocci were very closely related with only 0.1 % difference between them, thereby demonstrating their high genealogical relatedness. Comparative analysis of the newly obtained 16S rRNA sequences with other sequences retrieved from the GenBank database revealed that these five strains belong to a new member of the genus Streptococcus, being most closely related to Streptococcus marmotae DSM 101995 T (98.4 % similarity) and Streptococcus sanguinis CIP 55.128 T (97.2 % similarity). By aligning the newly determined partial 16S rRNA of these five isolates with those of the type strains of other species of the genus Streptococcus (and related taxa) retrieved from the NCBI database, phylogenetic trees were reconstructed and genetic distances were calculated with three different algorithms: neighbour-joining method (Figs 1 and S1, available in the online Supplementary Material), maximum-likelihood method by Kimura's two-parameter model [15] and maximum-parsimony method by close-neighbour-interchange (search level=2, random additions=100) by using the software package MEGA version 6.0 [16] and the program SeqTools [17] . As shown in Fig. 1 which was reconstructed by using representative strains from the different Streptococcus species groups (Streptococcus suis, S. pyogenes, S. mitis, S. salivarius, S. bovis and S. mutans) [18] , and Fig. S1 , which was built with the type strains of all species of the genus Streptococcus with validly published names, our five isolates (HTS2 T , HTS10, HTS14, HTS23 and HTS29) clustered together forming a distinct lineage and only separated by short genetic distances between them, indicating that they could belong to a single species. Meanwhile, the novel isolates are clearly affiliated with other members of the genus Streptococcus, clustering most closely with the type strain (DSM 101995 T ) of S. marmotae. Bootstrap analysis (1000 replications) was performed to assess the reliability of the nodes, and the result supports the notion that these five isolates (HTS2 T , HTS10, HTS14, HTS23 and HTS29) branch out of S. marmotae DSM 101995
T as representatives of a novel species with a bootstrap value of 98 %. Similar results were obtained with the other two algorithms.
The novel species did not react with any of the specific group A, B, C, D, F and G streptococcal latex-agglutinating antisera from the commercial Slidex Strepto kit (bio-M erieux). The biochemical profiles of the five isolates were examined by using the Rapid ID 32 Strep, API 50 CH and API ZYM systems (bioM erieux) as per the manufacturer's instructions. The API 50 CH strips were inoculated with each of the five isolates suspended in CHB medium, incubated at 37 C aerobically with 5 % CO 2 and checked daily (up to 7 days). The five isolates exhibited completely identical biochemical characteristics in the three identification systems (Table 1 and the species description) with some traits clearly helpful in differentiating them from their nearest phylogenetic neighbours (S. marmotae, Streptococcus cuniculi and Streptococcus acidominimus) and other related organisms as described below and shown in Table 1 and Figs 1 and 2. The novel species could be easily distinguished from S. marmotae, the most closely related species, by its 16S rRNA gene similarity, by lack of acid production from three sugars (raffinose, melibiose and glycogen) and by negative reactions for three enzymes (b-glucuronidase, b-galactosidase and a-galactosidase), in contrast to the positivity of S. marmotae in all of these six reactions ( Table 1 ). The biochemical profile of the novel species could also be differentiated from those of S. cuniculi and S. acidominimus as suggested in Table 1 and by features detailed in a previous report [3] .
Additional housekeeping genes such as groEL, sodA, rpoB and others are frequently utilized to analyse the phylogenetic affinities of novel isolates [5, 19, 20] . For the current study, a segment of groEL (763 bp), sodA (448 bp) or rpoB (680 bp) was amplified from HTS2 T , HTS10, HTS14, HTS23 and HTS29 using primer pairs streptogroELd and streptogroELr [21] , d1 and d2 [22] or StreptoF and StreptoR [23] , respectively. The five new isolates were 98-100 %, 98.4-99.6 % and 97.8-99 % identical in their groEL, sodA and rpoB genes, respectively. The groEL, sodA and rpoB gene sequences of HTS2 T showed 98.2, 78.8 and 93.7 % similarity, respectively, to those of S. marmotae DSM 101995 T . A second phylogenetic tree in this study reconstructed with the partial groEL, sodA and rpoB sequences of HTS2 T , HTS10, HTS14, HTS23 and HTS29 showed that these five isolates are separate from other species of the genus Streptococcus and together form an independent cluster (Fig. S2) ; virtually the same phylogenetic relationship as shown by the 16S rRNA gene sequence tree in Fig. 1 .
The whole genome of HTS2
T was further sequenced as below. Briefly, the chromosomal DNA of HTS2
T isolated by the Wizard Genomic DNA Purification kit (Promega) was sequenced by the 125 bp paired-end sequencing method using an Illumina Hiseq2500. A total of 10 199 970 reads and 1567 Mb data were obtained with a coverage depth of approximately 100Â, the reads were first assembled into 108 contigs in 95 scaffolds using SOAPdenovo (http://soap. genomics.org.cn/soapdenovo.html), and the remaining reads after filtering out low quality reads using Single Molecule, Real-Time (SMRT) Technology Analysis 2.3.0 were ultimately assembled to generate a final single contig without gaps. The plasmid-free genome of HTS2
T from the only circular chromosome had a size of 2 275 471 bp with a DNA G+C content of 41.3 mol% and contained 2195 genes (meanlength of 901 bp per gene) with six genomic islands as predicted by Glimmer [24] and Island Viewer, respectively.
Availability of the whole genome of HTS2
T made it possible to reconstruct the third phylogenetic tree in this study based on 82 core genes from 16 genomes of species of the genus Streptococcus (1 marmot isolate and 15 streptococci which were representative strains of different Streptococcus species groups from NCBI GenBank) using the approximately-maximum-likelihood algorithm in FastTree [25] . Gene orthologs were clustered and determined by CD-HIT [26] with a sequence identity threshold of 0.7 and n-word parameter of 4. Each cluster had one representative gene sequence. A matrix describing the genome gene content was constructed using a Perl script based on the CD-HIT cluster file. Genes that were included in all genomes were considered to be the core genome genes. The core genes of all genomes were concatenated and then aligned by MAFFT [27] . The whole-genome phylogenetic tree inferred and edited by Dendroscope 3 [28] shows unambiguously that HTS2
T from Marmota himalayana is phylogenetically a member of the genus Streptococcus. Within the streptococcal clade, HTS2
T forms a distinct/separate subline, branching away from S. marmotae, S. cuniculi and S. acidominimus, but together they belong to the suis 'species group' and exhibit specific phylogenetic affinity to each other (Fig. 2) . The phylogenetic distance between HTS2 T and S. marmotae in this core gene tree is in high agreement with that of the 16S rRNA tree, further supporting that HTS2
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T represents a novel species of the genus Streptococcus.
DNA-DNA hybridization (DDH) has been a standard assay for delineating microbial species since the 1960s, and a value of 70 % was recommended later on [29, 30] as the hallmark for defining novel species when they exhibit high degrees of relatedness in their 16S rRNA [31] . A new version of DDH using genomes can be done in silico and is now an accepted practice to replace the wet-lab DDH [32] [33] [34] [35] . To reaffirm the phylogenetic affinities and further verify the taxonomic relationship of our novel isolates with the other species of the genus Streptococcus and finalize their species status, we performed in silico DDH analysis between the complete genome of strain HTS2
T and those of other species of the genus Streptococcus by using the DDH web-software [32] at http://ggdc.dsmz.de. The five novel isolates showed DNA-DNA relatedness values of above 70 % with each other, therefore confirming that these isolates belong to the same species. Although HTS2 T displayed a high sequence similarity of the 16S rRNA gene with that of S. marmotae DSM 101995
T and S. sanguinis CIP 55.128 T , the DNA-DNA relatedness values between them were only 40.5 and 22.3 %, respectively (Table S1 ). The DNA relatedness values of HTS2
T with other species of the genus Streptococcus were between 20.7 and 29.7 %, well below the mark of 70 % [29] , clearly supporting that strain HTS2 T belongs to a novel single species in the genus Streptococcus.
In summary, our results from biochemical, genomic and taxonomic studies with three phylogenetic trees revealed the remarkable phenotypic, phylogenetic and genotypic differences of the five novel strains (HTS2 T , HTS10, HTS14, HTS23 and HTS29) from Marmota himalayana from the other recognized species of the genus Streptococcus, firmly supporting the notion that this group of isolates belongs to a novel species of the genus Streptococcus, for which the name Streptococcus himalayensis sp. nov. is proposed. 
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